Saline (0.25 uL at 0.1 uL/min) or muscimol (0.25 uL of 0.5 mg/mL at 0.1 uL/min) were 154 bilaterally infused into the AON or vHC using infusion needles 1 mm longer than the implanted 155 guide cannulae. The infusion needle was left in place for 10 minutes after the end of the infusion, 156 and behavioral experiments began 30 minutes after the end of the infusion. generalization testing (Experiment 2a), and a series of straight chain aliphatic butyrates ranging 165 from 2 to 7 carbons was used for contextually modulated generalization testing (Experiment 2b). 166 These odorants were diluted in mineral oil to approximate vapor-phase partial pressures of 1.0 Pa 167 (odor dilutions are shown in Table 1 ). Odor stimuli were presented to rats in two ceramic 168 ramekins filled with scented bedding in which sucrose reward pellets were buried. Household 169 spices were mixed into the bedding ahead of time, whereas aldehydes and butyrates were 170 pipetted (60 uL) into the bedding prior to the trial. Rats were first trained on a digging task developed for olfactory studies by Linster and 174 Hasselmo (1999). In this task, sugar rewards were buried in small ramekins filled with bedding. 175 Initial dig training took place in a black Plexiglas chamber separated into two compartments by a 176 removable divider. Each training session lasted for 20 trials. For each trial, two dishes were 177 presented in randomized locations, each scented with one of the two odorants, and the rat was 178 given the chance to dig in one. Scored digging behavior consisted of displacement of bedding by either the nose or feet. Upon retrieval of the reward (in correct trials) or cessation of digging (in 180 incorrect trials) the dishes were removed and the rat returned to the waiting area. The reward 181 then was replenished if necessary, the dishes replaced in newly randomized locations, and the 182 next trial began. Shaping was completed once an animal retrieved the sugar reward buried in the 183 bedding in at least 18 out of 20 trials for three successive days. Odorants used for dig training 184 were different from the odorants used for the experimental studies described. 185 Contextually-cued conditional odor discrimination task training 186 Task training involved a procedure similar to that used for contextually-cued olfactory 187 discrimination in Komorowski et al (2013) . A wooden chamber was separated into three 188 compartments: a white side, a black side, and a central waiting area. The entirety of the white 189 side was painted white and the walls were wiped down with scented baby wipes, while the black 190 compartment was painted black and wiped with unscented baby wipes. In this way the two 191 contexts were distinguishable by visual hue and ambient odor. The task consisted of learning a 192 conditionally-cued discrimination rule using spatial context (i.e., the black or white side of the 193 box) as the cue and the two odorants as stimuli, such that a dish scented with a certain odor was 194 rewarded in one context but not in the other. After completing dig training, each rat was trained 195 to perform the conditionally-cued discrimination task twice, once with each pair of household 196 spices, with the order of these odorant sets counterbalanced among rats. The pairing of the 197 context and the rewarded odor within each set was also counterbalanced. Rats were trained daily 198 for one session of 40 trials until attaining a criterion of 80% correct trials for two days in a row. 199 Training proceeded according to the following schedule: 40 trials per day on each side until 200 criterion, followed by 20 trials on each side per day, then 10 trials alternating on each side, then 201 5 trials alternating, until the final stage during which the 40 trials were randomized between 202 sides. 203 Experiment 1: Role of the AON in contextually-cued conditional odor discrimination 204 To test whether AON inactivation impaired the expression of a learned contextually-cued 205 conditional odor discrimination, rats were bilaterally infused with saline or muscimol into the 206 AONs 30 minutes prior to being tested on 40 randomized trials in the black and white contexts 207 (Experiment 1a; Figure 1A i ). Subsequently, as a control, the same rats were trained on a simple 208 odor discrimination task in the same box used for shaping ( Figure 1A ii ), without reference to 209 visuospatial context, and were then infused with muscimol or saline into the AONs and tested (Experiment 1b). To measure the extent to which AON activity is specific to contextually-cued 211 olfactory discrimination tasks, a subset of four rats then were trained on a non-olfactory 212 contextually-cued conditional discrimination task. Specifically, instead of using odorants as the 213 discriminative cue, rats were trained to dig in two different types of bedding (corn bedding and 214 paper bedding), with the reward being buried in the paper bedding on one side of the box and in 215 the corn bedding on the other side. Once the rats had reached training criterion, they were 216 infused bilaterally with muscimol or saline into the AONs and then tested on their contextual 217 texture discrimination performance (Experiment 1c). Rats were each run twice under each drug 218 condition; the order of drug infusions was counterbalanced among rats. To test whether temporary lesions of the AON affect odor perception per se (Experiment 2a), 222 six rats were trained to discriminate between pentanal (C5) and hexanal (C6) in the same 223 apparatus used for dig training (Figure 1Aii ; non contextually-cued task). For each rat, one odor 224 was rewarded and not the other, with the rewarded odor counterbalanced between rats. Training 225 took place over two sessions of 20 trials with odors C5 and C6, as the rats quickly reached 226 criterion in this non-contextual task. After reaching criterion, on a given testing day, 20 training 227 trials were followed by bilateral saline or muscimol infusions into the AONs. Following a 30 228 minute resting period to allow the drug to diffuse throughout the AONs, rats were placed back 229 into the waiting area and then given 3 different test trials per day. During test trials, one dish 230 contained unscented bedding, one dish contained bedding scented with any one of the odors in 231 the series C3 -C8 (the test odor), and neither dish was rewarded. The orders of test trials were 232 randomized among rats. Rats were given 30 seconds to approach and were allowed to dig in both We then tested the same rats on generalization between odorants after being trained on a 237 contextually cued task using butyl and heptyl butyrate as odors ( Figure 1Ai ; Experiment 2b).
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Rats were first trained on the contextually-cued conditional odor discrimination task using the 239 odor pair C4 (butyl butyrate) and C5 (pentyl butyrate). The context/valence pairings were pseudorandomized across subjects, such that for one rat C4 would be rewarded on the white side 241 and C5 in the black side, whereas for another rat, C5 would be rewarded on the white side and 242 C4 on the black. Generalization testing proceeded immediately after a performance criterion 243 (80% correct during 40 randomized trials) was reached over four sequential days. On each test 244 day, rats were first given 20 randomized reminder trials of the task and then infused bilaterally 245 into the AONs with either muscimol or saline vehicle. After a 30 minute resting period to allow 246 the drug to diffuse throughout the AONs, rats were placed back into the waiting area and then 247 given 3 test trials in only one context per day. During these test trials, one dish contained 248 unscented bedding, one dish contained bedding scented with any one of the odors in the series 249 C2 -C7 (the test odor), and neither dish was rewarded. The order of test odor presentations was 250 randomized across rats, in such a manner that each rat was tested on all odors in the series. Rats 251 were given 30 seconds find the reward. The time spent digging in the test dish was recorded 252 using a stopwatch. To measure the degree to which projections from the vHC and AON are differentially 256 involved in contextually-cued conditional discrimination tasks based on different sensory 257 modalities, a separate cohort of four rats was trained to perform odor-and texture-based 258 conditional discrimination tasks simultaneously. Rats were trained on the contextually-cued 259 odor task using cumin and oregano with context-odor associations counterbalanced between rats.
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Once rats reached criterion on the conditional odor discrimination, they began training on texture 261 stimuli. Rats were trained on the contextually-cued texture discrimination using corn and paper 262 bedding with context-texture associations counterbalanced between rats. After reaching criterion 263 on the conditional texture discrimination, they then were trained to perform odor and texture 264 tasks simultaneously. On average, a rat would perform 10 texture and 10 odor trials on each side 265 of the box, with all trials randomized (40 trials a day). After rats had maintained criterion 266 performance for four subsequent days, they were tested after being infused (1) with saline in both Each one of the voltage changes due to external inputs V ext is a result of the synaptic weight 297 of the connection from neuron j to neuron i (w ij ) and the respective synaptic conductance in cell i 298 at time t, g i (t). E N,ij is the Nernst potential of the synaptic current, and v i (t) is the membrane 299 potential of the postsynaptic neuron i, as described in equation 2:
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(2)
The communication between neurons is mediated by discrete spikes. The spiking output F(v) of 301 a given neuron i is a function of its membrane potential v and the minimal threshold θ min and 302 saturation threshold θ max of the output function, where
and F i (v) increases linearly between θ min and θ max.
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The time course of the conductance change g i (t) is calculated as:
where g max is a constant representing the maximum conductance of a given channel and set to 1 306 (synaptic strengths are instead scaled by the synaptic weight w), while τ 1 and τ 2 are the rising and Code accessibility 330 The code/software described in the paper will be made freely available online 331 at http://modeldb.yale.edu/.
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Results 334 We first show that a functioning AON is necessary for rats to perform a well-learned 335 contextually-cued odor discrimination task, but not for a simple odor discrimination in which 336 context is not relevant. We then show that this function of the AON is specific to odor-based but 337 not texture-based contextually-cued discrimination (Experiment 1). We then test to what extent 338 context can modulate odor perception using a well-defined olfactory generalization task. We
339
show that the AON does not modulate odor perception unless a contextual cue is necessary to 340 solve the task (Experiment 2). Computational modeling demonstrates how AON responses to 341 behaviorally relevant contexts can modulate OB odor responses such that MC population 342 responses to a given odor are quite different in different contexts. Finally, we show that 343 information from vHC is important for both odor-and texture-based conditional discrimination, 344 whereas AON lesions impair only odor-related tasks (Experiment 3).
345

Experiment 1: A functioning AON is required for contextually-cued conditional odor
To examine to what extent the AON is involved in contextually-cued conditional odor 348 discrimination, we tested rats on their ability to perform a well learned contextually-cued 349 conditional odor discrimination task with and without a functioning AON (Experiment 1a). The 350 visuospatial contexts comprised a three-chamber test arena with one black and one white context 351 chamber surrounding an intertrial chamber in the middle (Figure 1Ai ). Rats first were trained to 352 retrieve a sugar pellet from a dish scented with odor A but not odor B in one of these visuospatial contexts and the reverse in the other context (see Methods). After reaching criterion on the task, 354 rats were bilaterally infused with muscimol or saline vehicle into the AONs and then tested on 355 their task performance. Rats performed significantly less well on the contextually-cued task 356 when muscimol was infused into the AON (effect of drug on the proportion of correct trials: F(1, 357 6) = 38.124, p = 0.003; Figure 1B , contextual odor), showing that AON function is necessary for 358 performance in this task. When rats were tested in a task not involving contextual cues 359 (Experiment 1b), using a box with a single test chamber (Figure 1Aii ), muscimol inactivation of 360 the AONs did not affect performance (effect of drug: F(1,4) = 0.10, p = 0.786; Figure 1B , non-361 contextual odor). To test whether AON involvement in this task was specific to olfactory stimuli, 362 rats then were trained to perform an identical contextually-cued discrimination task using the 363 texture of the digging medium (corn bedding versus paper bedding) rather than odorant as a cue 364 to which dish contained the sugar reward (Experiment 1c). After reaching criterion on this task, 365 rats were bilaterally infused with either muscimol or saline into the AONs and then tested. Each 366 rat was tested twice with each drug. In contrast to their strong effect on odor-dependent 367 contextual discrimination, no effect of muscimol infusions into AON was observed in the 368 texture-dependent discrimination task (F(1, 14) = 1.912, p = 0.188; Figure 1C , contextual 369 texture). The location of infusion cannulae was verified histologically after the end of behavioral 370 experiments ( Figure 1C ). ). On a given test day, rats were first trained to discriminate odors C5 and C6 over 20 trials, 383 with half of the rats being rewarded for C5 (C5+/C6-) and half for C6 (C6+/C5-). After the 20 trials, rats were bilaterally infused with muscimol or saline vehicle into the AON and then tested 385 in non-rewarded trials with straight-chain aldehyde odorants ranging from 3 (C3) to 8 (C8) 386 carbons in the aliphatic chain. The time spent digging in these unrewarded trials was recorded as 387 a measure of generalization from the trained odors. Figure 2A illustrates the pattern of 388 perceptual generalization expected from discrimination training: rats dig in response to odors 389 similar to the rewarded odor and do not dig in odors more similar to the non-rewarded odor, with 390 the different contingencies of the two trained odorants forming a sharp cutoff. Rats with 391 muscimol infusions into their AONs showed the same generalization pattern in this task as 392 vehicle-infused control animals, demonstrating that impairing AON function has no effect on 393 odor generalization per se (Figure 2A ). Analyzing digging times with odorant as a within-394 subjects factor and drug as a between-subjects factor, we found a significant effect of odorant 395 (F(5, 4) = 26.025, p = 0.004) but no interaction of odorant × drug (F(5,4) = 1.454, p = 0.369), 396 indicating that muscimol infusions into the AON did not affect odor generalization in this task. 397 These results show that odor perception per se is not modulated by AON activity.
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Using novel odorants (aliphatic butyrates), we then tested to what degree task-relevant 399 contextual information modulates odor perception following contextually-cued training 400 (Experiment 2b). For example, a rat was conditioned to expect a reward in butyl butyrate but not 401 pentyl butyrate (C4+ / C5-) on the white side of the box, and the reverse (C5+ / C4-) on the black 402 side of the box. After learning this task to criterion, the rats' generalization to novel odors was 403 tested on each side of the box, with the expectation that context would modulate odor perception 404 and alter generalization gradients. After presenting 20 reminder trials with randomized trials in 405 each context, rats were bilaterally infused in the AONs with saline vehicle, and then performed 406 three unrewarded trials a day in a given context with a series of straight-chain aliphatic butyrates 407 ranging from two to seven carbons in the aliphatic chain. As predicted, the rats responded 408 differently to novel odorants depending on the visuospatial context, as if that context cued a clear 409 memory of which odorant was rewarded ( Figure 2B) ; specifically, individual rats responded 410 differently in the black and white contexts, according to which odor had been rewarded for them 411 in that context. However, after muscimol infusions into the AONs, rats responded statistically 412 similarly to all odorants in both contexts, suggesting that, in the absence of this contextual 413 information from AON, generalization between odors was disrupted, presumably because no 414 clear predictor of reward could be established ( Figure 2B) . A repeated measures ANOVA with digging time as the dependent variable, drug condition as the between-subjects factor and test 416 odorant as the within-subjects factor revealed a significant effect of odorant (F(5, 16) = 4.085; p 417 = 0.014) as well as a significant interaction between odorant × drug (F(5, 16) = 2.960; p = 418 0.044). These results show that relative digging times in the test odors are dependent on drug 419 treatment. Further post hoc tests revealed a significant effect of odorant on digging times in the 420 saline (F(5,6) = 5.252; p = 0.034) but not muscimol condition (F(5,6) = 0.696; p = 0.646), 421 showing that muscimol-treated animals did not significantly differ in their responses to the test 422 odorants whereas saline-treated animals did. For saline-infused animals, these results present a 423 classical generalization pattern ( Figure 2B) . In contrast, when AON function was impaired via 424 muscimol infusions, rats retained their capacity to differentiate between the rewarded and 425 unrewarded odorants, but otherwise generalized to all test odorants indiscriminately. These 426 results show that visuospatial context can modulate odor perception if it is task-relevant, and that 427 a functioning AON is required to convey this contextual information. influencing the odorant representations exported from the OB to other regions of the brain. 457 We then measured the extent to which contextual feedback from the AON can modulate odor 458 representations in the OB (Figure 4) . We randomly selected one odor to stimulate OSNs, and ran biased by two separate contexts is less than 40% (white context / black context). Comparing these 474 correlations showed a significant effect of contextual condition with F(2, 104) = 316.167; p < 475 0.001) and significant pairwise differences between all conditions (LSD, p < 0.001 in all cases). 476 These results show that the receipt of relevant contextual information from the AON, using a random distribution of AON projections to inhibitory GCs and excitatory ET cells, can 478 significantly bias MC activation patterns such that odors learned in each context could create 479 quite distinct percepts. Accordingly, if an odor-reward association is learned in a given salient 480 context, it may not necessarily be fully recalled outside of that context. 481 These simulations suggest that contextual information from the AON can bias OB Experiment 3: The vHC is required for contextually cued discrimination irrespective of stimulus 523 modality, whereas AON function is specific to olfactory stimuli 524 We hypothesized initially that projections from vHC to AON convey contextual information 525 needed to cue the animal to which odor is rewarded in a conditional discrimination task. To test 526 the extent to which each of these structures is domain general for context or modality-specific for 527 olfaction, a new cohort of rats with bilateral cannulae placed into the AON and vHC was trained 528 to simultaneously perform contextually-cued odor and texture discriminations. Rats learned to 529 associate a reward with a particular odor or texture within a given context. After reaching 530 criterion, rats underwent 40 trials in which the visuospatial context (black or white) and the 531 stimulus modality (odor or texture) were randomly combined. On test days, rats were infused 532 with muscimol or saline vehicle in the AON or ventral hippocampus, yielding three drug 533 conditions: AON muscimol /vHC vehicle , AON vehicle /vHC muscimol , and AON vehicle /vHC vehicle controls.
534
Individual rats were run under each of these drug conditions in an order that was randomized 535 among rats. The mean percentage of correct trials during testing on this task under the different 536 drug conditions is depicted in Figure 5A . When infused with saline vehicle in both the AON and 537 vHC, rats performed at above 80% correct on both odorant and texture stimuli. Rats infused 538 with muscimol in the AON and saline in the vHC were impaired in the odorant but not the texture discrimination task, replicating the findings of Experiment 1 ( Figure 1B) . In contrast, 540 rats infused with muscimol in vHC (and saline vehicle in the AON) were impaired in both 541 odorant and texture discriminations. An ANOVA with drug condition and stimulus modality as 542 between-subjects effects revealed significant effects of both drug (F(2, 30) = 17.59, p < 0.001) 543 and modality (odor or texture: F(1, 30) = 13.24; p = 0.001) as well as a significant interaction 544 between these terms (F(2, 30) = 25.05; p < 0.001). These results indicate that the three drug are essential to olfactory task performance, suggesting that contextual information is not 573 available to the rats when identifying the rewarded odor. Interestingly, when rats perform the 574 same contextually-cued task using a texture rather than an odorant stimulus to find the reward, 575 lesions of the AON do not impair performance whereas vHC lesions do. This suggests a 576 framework in which contextual information represented in the vHC is specifically conveyed to 577 the AON when required for performance of an olfaction-dependent task. 578 We further show that rats can express multiple context-specific perceptual generalization 
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In summary, we propose that the AON conveys information about contextual cues from the 607 ventral hippocampus to olfactory structures, specifically the OB. We suggest that information 608 about behaviorally relevant contextual cues modulates and alters MC representations in the OB, 609 merging contextual with afferent olfactory sensory information. This implies that MCs, which 610 receive direct input from primary sensory neurons and project from the OB to multiple targets 611 across the brain, encode and process multi-modal information to inform decision making. Perceptual generalization in both contexts in saline-infused rats. The graph shows digging times 738 as a function of unrewarded test odorant when rats were tested in the context in which they were 739 rewarded for C4 or the one in which they were rewarded for C5. The degrees of perceptual 740 generalization are similar in each context and expressed as digging for odorants similar to the 741 rewarded odor and as the absence of digging in odorants similar to the nonrewarded odor. C. 742 Perceptual generalization in both contexts in muscimol-infused rats. The graph shows digging 743 times as a function of unrewarded test odor when rats were tested in the context in which they 744 were rewarded for C4 or the one in which they were rewarded for C5. In this case rats treated all 745 odors similarly, with no clear generalization from the rewarded or unrewarded odors. Figure 5 
